The mammalian inner ear is remarkably sensitive to quiet sounds, exhibits over 100dB dynamic range, and has the exquisite ability to discriminate closely spaced tones even in the presence of noise. This performance is achieved, in part, through active mechanical amplification of vibrations by sensory hair cells within the inner ear. All hair cells are endowed with a bundle of motile microvilli, stereocilia, located at the apical end of the cell, and the more specialized outer hair cells (OHC's) are also endowed with somatic electromotility responsible for changes in cell length in response to perturbations in membrane potential. Both hair bundle and somatic motors are known to feed energy into the mechanical vibrations in the inner ear. The biophysical origin and relative significance of the motors remains a subject of intense research. Several biological motors have been identified in hair cells that might underlie the motor(s), including a cousin of the classical ATP driven actin-myosin motor found in skeletal muscle. Hydrolysis of ATP, however, is much too slow to be viable at audio frequencies on a cycle-by-cycle basis. Heuristically, the OHC somatic motor behaves as if the OHC lateral wall membrane were a piezoelectric material and the hair bundle motor behaves as if the plasma membrane were a flexoelectric material. We propose these observations from a continuum materials perspective are literally true. To examine this idea, we formulated mathematical models of the OHC lateral wall "piezoelectric" motor and the more ubiquitous "flexoelectric" hair bundle motor. Plausible biophysical mechanisms underlying piezoand flexoelectricity were established. Model predictions were compared extensively to the available data. The models were then applied to study the power conversion efficiency of the motors. Results show that the material properties of the complex membranes in hair cells provide them with the ability to convert electrical power available in the inner ear cochlea into useful mechanical amplification of sound induced vibrations at auditory frequencies. We also examined how hair cell amplification might be controlled by the brain through efferent synaptic contacts on hair cells and found a simple mechanism to tune hearing to signals of interest to the listener by electrical control of these motors.
Introduction
The inner ear is capable of detecting signals less than one-billionth that of atmospheric pressure and has a dynamic range extending more than three orders of magnitude. A major contribution toward achieving this performance comes from active amplification of sound by the sensory-motor receptors, hair cells, themselves. At least five biological motors have been identified in these cells: three residing in the stereocilia bundle positioned at the apex of the hair cell and two residing in the soma1. Stereocilia bundle based amplification is currently thought to include a slow adaptation (10-100 ms) mediated by a calcium sensitive actin/myosin motor complex2 -4 and faster (<ms) temporal contributions from calcium regulated mechanotransducer channel (MET) re-closure and, the subject of this study, flexoelectric generated bundle movements. Somatic motor based electromotility includes NIH Public Access
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Mater Res Soc Symp Proc. Author manuscript; available in PMC 2010 December 23. both a slow and a fast acting mechanism5. The slow mechanism occurs on the order of seconds due to cytoskeletal rearrangements/remodeling6. Fast motility, occurring at speeds up to 10 micro-seconds, is dependent on the transmembrane protein prestin and produces isochoric, transmembrane potential dependent dimensional changes7 , 8 here examined as occurring due protein-dependent piezoelectricity.
Flexoelectricity and piezoelectricity function in both the forward direction, to produce electrical polarization from deformation, and the reverse direction to produce mechanical deformation from polarization. We examined the theoretical contributions of flexoelectricity to the motility of hair bundles and of piezoelectricity to the motility of OHC somata. Flexoelectricity was first discovered in liquid-crystals but was later found to also function in biological membranes 9 . Here, flexoelectricity of the stereocilia membrane manifests as a converse effect in which electrical polarization compels a change in the curvature of the membrane 10, 11 due to the interplay between the charged lipid-membrane heads and extracellular ionic solution (figure 1). The flexoelectric effect is especially large in the stereocilia because of the small radius of curvature of the membrane (~10 −7 m). In contrast, electromotility of OHC somata cannot be explained by flexoelectricity alone because the effect produces movements that are much too small and in the wrong direction with respect to experimental data. Instead, OHC somata behave as if piezoelectric. Similar to flexoelectricity, piezoelectricity functions to produce mechanical strain and associated displacement current from changes in membrane potential. In the OHC case, charge displacement perpendicular to the plasma membrane compels a change in membrane surface area. Although the microscopic effect is piezoelectric in nature, the precise nanoscopic molecular origin(s) remains a subject of debate. In the simplest model, somatic piezoelectricity is described as due to charge driven conformational change in the transmembrane protein prestin and concomitant change in the surface area occupied by the protein. The area model is schematized in the center row of Fig. 1 . More complex models include extrinsic voltage sensors or membrane curvature as key contributors to OHC lateral wall piezoelectric function 12, 13 .
In the present report we briefly review a piezoelectric model of the OHC soma and a flexoelectric model of hair cell stereocilia bundle with specific attention to the efficiencies of these motors. For both the stereocilia and the somata, the peak efficiency of the electrical to mechanical conversion was found to occur at a specific frequency dependent upon hair bundle and cell body lengths respectively. Correspondingly, for maximum efficiency these models predict a gradation in length of hair bundles and somata that would map onto the tonotopic place principle within hearing organs. Peak efficiency predictions of the models were compared with morphological and neurophysiological frequency sensitivity data and were found to compare favorably. Results suggest that the lengths of stereocilia and the lengths of somata may be optimized to maximize the power output of flexo-and piezoelectric hair cell motors in the ear. The analysis also shows that efficiency of electromechanical conversion would be lost upon lowering the electrical impedance of the hair cell body, thus providing an explanation for how the brain may control hair cell organs to tune sensitivity to signals of interest to the animal.
Theory
To examine behavior of the prestin-dependent OHC somatic motor, we modeled the lateral wall as an electrically leaky piezoelectric material in series with a passive elastic material 14 . This material model was coupled to the passive elasticity of the cortical lattice and to the intracellular voltage as shown schematically in Fig. 2a . The model structure is similar to the classic cable commonly used to model passive axons 15 , but with piezoelectric electromechanical equations appearing for the membrane instead of a simple parallel resistor-capacitor circuit. The model has been applied previously to explain how the displacement, isometric force and piezoelectric charge displacement (so called non-linear capacitance) depend upon morphometric's of the OHC 14 . Briefly, depolarizing current entering the cell body from the stereocilia compels somatic shortening due to the piezoelectric effect. When the cell is mechanically loaded, the cell shape change can do useful mechanical work on its surroundings. The magnitude and frequency dependence of the power output is critical to the ability of the motor to amplify auditory signals and therefore key for analysis.
To examine bundle-based flexoelectric amplification, stereocilia were modeled as constantvolume cylinders with an actin core as shown in figure 2b,c 16 . Briefly, the resting membrane tension was related, by Newton's first law, to the force of actin polymerization at the tip that is necessary to maintain the stereocilium height. The stereocilia bundles are arranged in a staircase architecture with heights going from short to tall and are connected by angled tip-links. During hair cell excitation, the bundle is pushed in the direction of the tallest stereocilium causing an increase in the tip-link tension, opening of the mechanoelectric transducer (MET), and an influx of cationic (depolarizing) current. For flexoelectric stereocilia, transmembrane depolarization would cause a decrease in the radius and isochoric lengthening. The magnitude of the height increase would be volumedependent such that taller stereocilia would elongate more than shorter stereocilia leading to an increase in the tip-link tension. Because of the angled tip-link connections, axial bundle height increases would lead to transverse bundle deflections in the negative direction. During inhibitory stimulation, transmembrane hyperpolarization would occur causing an increase in the radius, a decrease in the height, a reduction in the tip-link tension and, ultimately, further relaxation of the bundle in the negative direction. The sign of the flexoelectric effect is intrinsic to the distribution of charge induced by curvature of the membrane, such that depolarization of the stereocilia induces lengthening 16 .
Results
The efficiency of electrical to mechanical conversion was analyzed for both the somatic piezoelectric motor14 and for the stereocilia flexoelectric motor 16 . In auditory hair cell organs, there is a standing electro-chemical potential across hair cells that serves as the source of potential energy (a battery) that drives the transduction current into the stereocilia. This is the power source for the piezo-and flexo-electric motors discussed here. The input electrical power was computed from the transduction current and voltage, while the output mechanical power was computed from the force and velocity exerted by the cell or bundle on the surroundings. We focused on the real component of the power, which measures the ability of the cell to deliver real power vs. the reactive cycling of power associated with elements like capacitors or springs. For both motors, the analysis produced a peak efficiency at a specific frequency, dependent on the length of the OHC or stereocilium. The problem is fundamentally one of impedance matching the motor to the load. In our analysis we adjusted the mechanical impedance of the load to maximize the real power output (at each frequency). Even with this matching, the stiffness of the soma or hair bundle always caused poor power delivery at low frequencies. Viscosity was the primary loss mechanism near the best frequency and mass became important only at very high frequencies. The frequency where peak efficiency occurred is the most interesting. If the piezo-and flexo-electric motors are physiologically important in hearing organs one would expect hair cells to operate at frequencies near the peak efficiency. From the theoretical analysis, shorter bundles and shorter somata would have peak efficiencies at higher frequencies. As illustrated in Fig. 4 , this quantitative theoretical prediction corresponds reasonably well with lengths of hair cells and bundles appearing in nature. Power output at peak efficiency for the stereocilia bundle and somata were nearly the same, about 1-2aW per pA of input transduction current.
Discussion
Membrane piezoelectricity and flexoelectricity both present mechanisms capable of cycleby-cycle motility at frequencies that span the range of hearing (up to 100kHz). Piezoelectric analysis shows the OHC somata are capable of efficiently converting the MET current into useful power output even at frequencies higher than the membrane RC time constant. The same high frequency efficiency applies to membrane flexoelectricity. Both mechanisms show reasonable correlations with the length/ frequency tonotopy seen in nature at frequencies above 200 Hz. Our results suggest piezo-and flexoelectricity, both faster biophysics-based mechanisms, may dominate at high frequencies while other motors, such as unconventional myosin's 3 , may be more important at lower frequencies.
Experimental data show that the power output of ear hair cell motors is controlled by the brain via an extensive centripetal efferent innervation [17] [18] [19] . Our analysis shows that the flexo-and piezoelectric motors may be quickly shut down by efferent activation due to a decrease in the basal impedance of the soma evoked by efferent transmitter action on hair cells 20, 21 . In essence, short circuit of the soma by the efferent system allows the MET current to flow out the base of the cell rather than powering the piezo-and flexo-electric motors.
Conclusions
Piezoelectricity and flexoelectricity are efficient, fast membrane-related motor mechanisms capable of working on a cycle-by-cycle basis up to the limits of the hearing range. Estimations of the length vs. frequency relationship for most efficient motor prediction correlate well with the tonotopy measured in nature. Efferent activation serves to attenuate and detune these motors consistent with experimental data. The analysis predicts 1-2aW of useful power output for each pA of transduction current input consistent with experimental measurements of hair cell work 16, 22 . Piezoelectricity and flexoelectricity provide simple explanations for the voltage-dependent movements seen in OHC somata and stereocilia bundles and provide a potential explanation for the tonotopic organization of hair bundle and cell body size observed in hair cell organs in nature. Of the two mechanisms, flexoelectricity in the stereocilia has the potential to apply across a broader range of organs and species but numerous questions remain and a discriminating experiment testing the flexoelectric hypothesis in hair bundles has not yet been reported. Illustration of how somatic protein-based piezoelectricity (2 nd row) and stereocilia membrane flexoelectricity (3 rd row) might operate during changes in transmembrane potential (1 st row). It is interesting to note that OHC somatic piezoelectricity and membrane flexoelectricity may compel length changes opposite in directions. Illustration demonstrating mechanisms that produce a loss of efficiency. For both OHC protein piezoelectricity and bundle flexoelectricity, power is lost at low frequencies due mechanical stiffness, in the mid-band to viscosity, and at high frequencies due to viscosity and mass. For the bundle, transverse viscous drag causes even more power loss relative to axial movements at high frequencies. Efferent activation causes a decrease in the efficiency and a change in the frequency of peak efficiency for both the hair bundle and the soma. Predictions of the most efficient frequency of operation for a given height OHC (top) or stereocilia (bottom) were compared with morphological measurements of neural "best" frequency sensitivities (place-principle, based on 14 , 16). Model predictions correspond well with lengths occurring in nature at frequencies above 1kHz. Divergence at lower frequencies suggests other mechanisms may be at play, or that delivering maximum piezo/flexoelectric power is not the limiting step at low frequencies.
